Abstract-This paper presents the calculations of transmission line loss factor by extracting from the Q-factor measurement of the quarterwavelength open stub resonators over the designed frequency and other resonant frequencies. A comparison of the loss factor of the design frequency with other resonant frequencies of each of the stub's quarter-wave resonances is provided in this paper. The radiation and discontinuity losses are undesirably included in the unloaded Q-factor measurement and it shows that the unloaded Q-factor is not repeatable at different designed frequency. The implementation of the loss factor measurement by quarter-wavelength open stub resonators is becoming more and more important to be considered with the increase of using the electronic circuits operating at high frequencies. † This author is also with
INTRODUCTION
Since the clock frequencies of computers are ever increasing to higher levels for high speed signal transmission, it is necessary to evaluate the dielectric constant and loss factor of the constituent printed circuit board (PCB) substrates at radio frequencies. The dielectric constant and loss factor are two of the most significant parameters that affect the performance of the circuits. Impedance matching is an indispensable methodology in the high speed circuit design. If we want to precisely determine the intrinsic impedance value, the accurate measurement of dielectric constant would be one of the most significant requirements. However, several measurement techniques such as parallel plate method, coaxial line method and resonator method are available for the determination of dielectric properties [1] [2] [3] [4] [5] [6] [7] . It is some what difficult to theoretically determine the characteristics of the transmission line attenuation, but they can be easily measured. The proposed new technique to measure transmission line attenuation is to find the Q-factor of quarter-wavelength open stub resonators [8] . Typically, the insertion loss S21 of quarterwavelength open stub resonators around resonance is used to determine the transmission line's attenuation. The implementation by using quarter-wavelength open stub resonator is more accurate than other methods of attenuation measurement in the characterization of planar transmission lines.
In this paper, the quarter-wavelength open stub resonators method of measuring dielectric constant and loss factor are performed. The test structure is shown in Figure 1 with 10 cm through line. From the measurement and calibrations, we make comparisons in the characterizing of the loss factors and dielectric constants of the microstrip line. It concludes that the loss factor of the design frequency is accurate but it deviates from their theoretical values over each of the stub's quarter-wave resonant frequencies.
QUARTER-WAVELENGTH OPEN STUB RESONATOR MEASUREMENT METHOD
In this paper, we exploit quarter-wavelength open stub resonators measurement in combining with theoretical considerations to evaluate the dielectric constants and loss factor. First we locate the frequencies f l and f h of the 3 dB insertion loss at each resonant frequencies and substitute them with the quarter-wavelength open stub length l into the following formula (1) to get the effective dielectric constant ε eff of the transmission line [9] ,
where
f 1 : the lower frequency of the 3-dB insertion loss f h : the upper frequency of the 3-dB insertion loss C : the speed of light in free space l a : adjusted length to be determined from empirical formula [10] .
The loss factor of the transmission line, α 0 in dB/length, can be determined at each resonant frequency f 0 from the following formula, Eq. (4), via the loaded and unload loss factors Q L and Q 0 respectively.
the insertion loss at the resonant frequency
Realistically it is not easy to formulate the relation between the effective dielectric constant and the theoretical dielectric constant from measured microstrip characteristics. In fact, the relations we derived are rather complicated, and it is suggested that the empirical formula (5) is used instead.
where h : thickness of the medium material W : width of the microstrip line ε eff : the effective dielectric constant ε r : the dielectric constant
The most important requirement of this experiment is to accurately measure the frequency, the resonators are first measured by sweeping over a broad frequency range to determine the location of resonant frequency, and then a set of narrow frequency are swept to measure around each resonant frequency to ensure low measurement error. The insertion loss S 21 of resonators over 0-3 GHz for the quarterwave length open stub resonators is shown in Figure 2 (a) and the expanded view of one resonance is shown in Figure 2(b) . All Q-factors are measured at no more than 0.2 GHz frequency steps in order to keep the measurement error less than ±3% for the Q-factors lower than 100, while the measurement error is less than ±6% for the other higher Qfactors [11] .
EXPERIMENTAL RESULTS AND DISCUSSION
In this paper, we select the FR4 substrate (ε r = 4.5, H = 0.76 mm, t = 0.02 mm) as the measurement material and implementing the quarter-wavelength open stub resonators as the measurement method. As shown in Figure 3 is a 600 MHz quarter wavelength open stub resonator for a PCB's 50 Ω transmission line. The measured dielectric constant has results shown in Table 1 , which reveals that when the resonant frequency is getting higher, the associated dielectric constant (ε r ) of the medium material is becoming lower.
The measured results of the loss factor (α) of the designed resonant frequency are listed in Table 2 . As shown in Figure 3 , it appears that when the designed resonant frequency is higher, its associated loss factor α is getting larger. On the other hand, due to most of the radiation and discontinuity losses are undesirably included in the measuring of unloaded Q-factor and it depicts that the unloaded Qfactor is not repeatable for measuring at different designed frequency. Theoretically, when measuring at certain designed resonant frequency, we can also get data at the third harmonic, the fifth harmonic, the seventh harmonic and even higher harmonic resonant frequencies. Consequently, we can have simultaneously the statistics loss factor and dielectric constant of resonant frequencies as shown in Table 2 . lower than theoretically expected. It is primarily due to the radiation loss that affects the characterizing of the loss factor of the quarterwavelength open stub resonator [12] [13] [14] [15] [16] [17] [18] . As shown in Figure 5 , a parallel-plane structure is placed in a 9 m × 6 m × 6 m Semi-Anechoic Chamber for measuring its overall maximum radiation field. The test board is placed on a wooden table and is excited by the signal generated from the measuring receiver through an SMA jack that is soldered to the PCB. The maximum field strength is measured at each frequency when the receiver antenna is positioned in parallel or perpendicular to the plane of the table or when the receiver antenna is in the horizontal or vertical polarization. As shown in Figure 6 is the maximum radiation field strengths measured at distance r = 3 m for the designed 1 GHz resonant quarter-wavelength resonator and for the fifth harmonic of the designed 200 MHz resonant quarter-wavelength resonator. From the figure it reveals that the maximal radiation field of the fifth harmonic of the 200 MHz resonant resonator is larger than that of the designed 1 GHz resonant quarterwavelength resonator consequently the loss factor of the fifth harmonic of the designed 200 MHz resonant quarter-wavelength resonator is lower than the 1 GHz resonator.
CONCLUSIONS
The characterization of transmission line loss factor by extracting from the measured Q-factor of quarter-wavelength open stub resonators at the designed frequency and other higher harmonic resonant frequencies is experimented and demonstrated in this paper. Most of the radiation and discontinuity losses are undesirably including the measuring of the unloaded Q-factor and it consequently shows that the unloaded Q-factor measurement is not repeatable for other different designed frequency. Thus, only the loss factor at the designed frequency that is extracted from the measured Q-factor of the quarter-wavelength open stub resonators method is reliable, although the loss factors of other higher harmonic resonant frequencies of each of the stub's quarter-wave resonances are obtainable simultaneously.
